DNA damage and the formation of mutations at the hypoxanthine guanine phosphoribosyl trans ferase (HPRT) induced by cadmium chloride (CdCl 2 ) were investigated with rat lymphocytes and V79 Chinese hamster lung cells. The hprt mutant frequency (MF) assay was used as the method to measure gene mutation in the rat lymphocytes and V79 cells exposed to CdCl 2 , and comet assay analysis was performed to detect DNA lesion and repair in CdCl 2 -induced V79 cells. The results showed that CdCl 2 treatment caused a strong genotoxic effect and a marginal effect on the frequency of gene mutations. The hprt mutant frequencies in the rat lymphocytes and V79 cells exposed to CdCl 2 were statistically higher than those of the negative control. There was statistical significance in TL, TD and percentage of comet cell with tails. CdCl 2 treatment can induce DNA singlestrand breaks. There was a dose-dependent increase between CdCl 2 and DNA lesion. After cells were treated with CdCl 2 and hydrogen peroxide (H 2 O 2 ), the TL and TD declined with repair time increasing, which indicated that DNA damages were repaired gradually. However, DNA repair with treatment of CdCl 2 was slower than that of H 2 O 2 in V79 cells, which suggests that CdCl 2 affected DNA repair of damaged cells. The study also showed that the hprt MF and comet assay can be used for genotoxicity testing of heavy metals. DNA damage detected with the comet assay may be relative to mutagenesis. (J Occup Health 2006; 48: 93-99) 
Exposure to cadmium occurs in the manufacture of nickel cadmium batteries, electroplating, pigments and cadmium alloys. Smokers have cadmium exposure since every cigarette contains approximately 2 µg cadmium 1) . Cadmium and cadmium compounds produced by industrial and agricultural practice have been accepted as a carcinogen of category I (human) by the International Agency for Research on Cancer, but the molecular mechanism of cadmium action remains largely unclear. In earlier studies with cultured mammalian cells, DNA single-strand breaks 1) and chromosomal aberrations 2) induced by cadmium have been shown, and it is known that cadmium is mutagenic 1, 3, 4) , clastogenic 5) , teratogenic and carcinogenic 6) . For monitoring of genotoxic endpoints in populations at risk, monitoring methods utilizing appropriate biomarkers must be researched. Among the many markers of biological effect, hypoxanthine guanine phosphoribosyl trans ferase (HPRT) variants in human peripheral blood lymphocytes and DNA damage can be used as biological markers of genotoxic endpoints in populations at risk. HPRT is responsible for the phosphoribosylation of hypoxanthine and guanine in the salvage pathway for free purines. The hprt gene is located on the X chromosome in the long far arm q26-27, and it is very sensitive to chemical mutants. With a functional loss of HPRT enzyme activity, metabolism of nuclei would occur abnormally. The endpoint of the HPRT assay, first described by Strauss and Albertini 7) , is a functional loss of HPRT enzyme activity. The Hprt mutant cells are selected by their ability to grow in the presence of the purine analogue 6-thioguanine (6-TG) that is toxic to normal cells. In the early assay, this ability was detected by the incorporation of tritiated thymidine ( 3 H-TdR) into DNA in the presence of 6-TG, then DNA-synthesis cells were detected by autoradiography. Next, the cloning assay 8, 9) was developed, but the utility of this method for large-scale testing was limited because it is time and resource consuming. Norman et al. 10) then developed a sensitive assay for 6-TG resistant lymphocytes, which is a cell scored (TG r ) assay in the short-term. Interest has been demonstrated in using the alkaline comet or single cell gel electrophoresis assay for assessing the genotoxicity of chemical compounds 11, 12) , such as DNA damage and repair. In the comet assay, cells are embedded in agarose on microscopic slides, lysed with high concentrations of salts under alkaline conditions and detergents. In the alkaline version, nuclear DNA is subjected to high pH to allow unwinding and subsequently alkaline electrophoresis is performed. Broken DNA migrates from the comet head towards the anode. A fluorescence microscope reveals typical comets after staining with a fluorescent DNA binding dye. By using image analysis, different damage parameters such as tail length (TL), tail DNA (TD, % of DNA in tail) and tail moment (TM=TL × TD) may be recorded and are used to evaluate the extent of DNA damage 13, 14) . The purpose of this study was to evaluate DNA damage, repair and the formation of mutations in the hprt gene in rat lymphocytes and V79 Chinese hamster lung cells exposed to CdCl 2 . The hprt gene locus mutant frequency (MF) of rat lymphocytes and V79 cells exposed to CdCl 2 were investigated with a 6-TG-resistant cells scored (TG r ) assay in vivo and the cloning assay in vitro. DNA strand breaks and repair in CdCl 2 -treated V79 cells were assessed using the comet assay, a rapid and sensitive single-cell gel electrophoresis technique used to detect DNA primary damage in individual cells in vitro, respectively.
Material and Methods

Chemical reagents
CdCl 2 and hydrogen peroxide (H 2 O 2 ) were provided by Shanghai Chemical Reagents Company (prepared in distilled water). Low melting point agarose (LMPA), normal melting point agarose (NMPA), Triton X-100, ethylenedi aminetetracetic acid disodium salt (Na 2 EDTA), Tris-(hydroxy methyl)-amino methane (Tris-HCl), ethidium bromide (EB) and all other common chemicals were purchased from Sigma (St. Louis, MO, USA) and Shanghai Sengon Biologic Reagent Company. LMPA and NMPA were prepared in phosphate buffered salt solution (136 mM NaCl, 2.68 mM KCl, 8.10 mM Na 2 HPO 4 , 1.47 mM KH 2 PO 4 , pH 7.4). RPMI 1640 medium without L-glutamine was produced by Gibco (USA). All other chemicals were of the highest commercial grade available. Double-distilled water was used throughout the experiments.
The rat lymphocyte hprt mutation assay
Eight-week-old, 150 ± 20 g weight, male Kumin rats were used for the mutant assay, each group with six rats. All the rats were purchased from the Soochow University Animal Center (Suzhou, China) and used for experiments after one week of acclimatization. The animals were maintained on a standard feed, with drinking water and diet. They were kept in an air-conditioned room at a temperature of 25 ± 2°C and 50-70% humidity with a 12-h light and dark cycle. The experiments were conducted in accordance with directive China on the protection of laboratory animals. The dose selection was based on a range finding study. The MF of hprt locus was measured by TG r assay 10, 15, 16) . The rat lymphocyte fraction was prepared from heart blood by the following procedures. After feeding for one wk, under normal conditions, groups 1, 2 and 3 rats were injected 1, 5 or 10 mg/kg body weight (b.wt) of CdCl 2 intraperitoneally, respectively. Group 4 rats were given only water. After 1, 6 and 12 d, heparinized blood (1 ml) was drawn from the rat heart, centrifuged and the plasma and buffy coat layers were saved. Cultures were set up by re-suspending the buffy coat cells in a medium consisting of RPMI 1640, with 10% heat-inactivated fetal calf serum (Huamei, S h a n g h a i , C h i n a ) , 2 m M L -g l u t a m i n , 1 % phytohemagglutinin (PHA, purified, Guangzhou Medical Company), 100 U/mL of penicillin, and 100 µg/mL streptomycin and made up to the original blood volume. The cells were added to each flask and incubated for 24 h in a humidified atmosphere containing 5% CO 2 at 37°C. After incubation, 10 µl 6-TG (Sigma company, USA) was added to one of two sets of cultures (to a final concentration of 10 -6 M) and incubated for 30 h in a humidified atmosphere containing 5% CO 2 at 37°C. Cytochalasin B (CB, Sigma, USA) was added to a final concentration 6 µg/mL during the last 16 h of culture. The cells were then centrifuged, washed twice with 5 ml PBS (phosphate buffered saline, without Ca 2+ and Mg 2+ ), fixed in 2 ml 70% ethanol and stained with Giemsa. One thousand cells were randomly counted using a microscope per slide.
The hprt variants per 1,000 survivors were calculated as the number of multinucleate cells (TG r cell) per 1,000 lymphocytes in culture with TG divided by the number of multinucleate cells per 1,000 lymphocytes in culture without TG. Statistics were performed using analysis of variance (ANOVA). Newman-Keuls test was used to compare the control group with the three treatment groups.
The hprt mutation assay
The V79 cell line was a gift from Prof. JC Yang (Soochow University, China). It was incubated for 24 h in a humidified atmosphere containing 5% CO 2 in complete medium (RPMI-1640, 2 mM glutamine, 100 U/mL penicillin/streptomycin, 10% heat inactivated fetal calf serum) at 37°C, and incubated for 3-5 d in hypoxanthine aminopterine thymidine (HAT) medium (Gibco, USA). After the HAT medium was removed, the cells were further incubated . The MF in V79 cells was determined by calculating the ratio of the CE in the presence or absence of 6-TG. The experiments were repeated at least once. The mean values of mutant frequencies of two independent experiments are given in Table 1 . The negative and positive control groups were set, respectively. Gamma-ray (4 Gy) irradiation was used as a positive control and culture medium was used as the negative control.
The comet assay
After treatment with various concentrations of CdCl 2 (0.01, 0.1, 1, 25, 50, 100 and 200 µM) for 2 h the comet assay in the first experiment was immediately performed according to Singh 16) with minor modification to evaluate DNA strand break. Culture medium and 100 µM H 2 O 2 were used as negative and positive controls, respectively. In the second assay, to understand DNA damage and repair, after the treatment of different low concentrations of CdCl 2 (0.01, 0.1, 1 µM) for 24 h, the cells were washed with PBS three times, then 100 µM H 2 O 2 was added to the flask for 30 min, followed by washing and cultivation for different times (0.5, 1, 2, 4 h).
Slides were prepared in duplicate per sample. Fully frosted microscopic slides were covered with 110 µl of 1% NMPA (60°C). After application of a cover slip the slides were allowed to solidify for 10 min at 4°C. After solidification of the gel, the cover slips were removed, and 75 µl of V79 cells mixed with 0.8% of LMPA (37°C) were added. Cover slips were placed on the layer and the slides were allowed to solidify for 5 min at 4°C. After removing the cover slips 75 µl of 0.8% LMPA was applied as a third layer, and the slides with cover slips were left again for 10 min at room temperature. After carefully removing the cover slips the slides were immersed in freshly prepared, cold lysing solution (2.5 M NaCl, 100 mM Na2 EDTA, 10 mM Tris-HCl, pH 10; 1% Triton X-100 and 10% DMSO, pH 10) and refrigerated for 90 min. The slides were then placed in an electrophoresis chamber, exposed to alkaline buffer (300 mM NaOH and 1 mM EDTA, pH 13) for 30 min, and electrophoresis was performed with the same solution for 30 min at 25 V (0.8 V/cm) and 300 mA. The slides were neutralized by washing three times with neutralization buffer (400 mM Tris-HCl pH 7.5) for 5 min each, and were dehydrated with absolute 100% ethanol for 5 min, and were left at room temperature. The slides were stained with 50 µl of 10 mg/L EB for 10 min, viewed and analyzed using a fluorescence microscope (Olympus BX50, JP) with digital camera equipped with an excitation filter of 515-560 nm and a 590 nm barrier filter attached. The whole procedure was carried out in dim-light to minimize artificial DNA damage. Fifty cells per slide were evaluated and the mean of the tail moment was determined. TL and TD were analyzed with the Comet Assay Software Project (http://casp.sourceforge.net/). All calculations were performed using SPSS (10.0) software package for windows.
Statistical analysis
Mean values and standard deviation (S.D.) were computed for the scores and the statistical significance of effect was determined using ANOVA. The level of statistical significance was set at 5%.
Results
The mutant frequency of the rat lymphocytes hprt locus Figure 1 presents the results of representative experiments. The statistical analysis of the obtained results (Fig. 1) showed that there was a statistically significant difference between the MFs of the rat lymphocytes hprt locus CdCl 2 -induced and the control (p<0.05). The mutant frequencies of hprt gene locus for 10 mg/kg b.wt at 6 d (1.3348 ± 0.0107 × 10 -3 ) and 12 d (1.3138 ± 0.0422 × 10 -3 ) were higher than that at 1 d (1.2289 ± 0.0267 × 10 -3 )(p<0.05). and 48 h, respectively. After HAT selecting, the spontaneous background mutation rate of hprt in normal cells was very low (0.99 × 10 -6 ), however, the MF of hprt locus in V79 cells irradiated using gamma-rays was 49.3 ± 10 -6 . The MF of hprt locus in V79 cells was changed with CdCl 2 concentration and was 10-fold higher than the control at concentrations of 0.1(12.7 × 10 -6 ± 1.56) and 8 µM (19.83 × 10 -6 ± 3.65). It is interesting that MF of hprt locus was significantly decreased at 16 µM (1.44 × 10 -6 ± 0.28) and lower than that of the negative control at 0.5 and 1 µM ( 0.96 × 10 -6 ± 0.14 and 0.79 × 10 -6 ± 0.30, respectively).
The clone version and MF of hprt locus in V79 cells
DNA damage in V79 cells exposed to CdCl 2
As shown in the results presented in Table 2 , CdCl 2 can cause DNA damage in V79 cells. There were statistically significant differences between the positive and control groups in TL, TD and the percentage of comet cells, and there were statistically significant dosedependent relationships between concentration of CdCl 2 and TL, TD and percentage of comet cells (p<0.01). Table 3 and 4 list the results of DNA damage and repair in V79 cells exposed to CdCl 2 and H 2 O 2 at different times. DNA damage decreased with time of repair and was close to the normal level after 4 h. However, DNA repairs in CdCl 2 groups were slower than that of H 2 O 2 (p<0.01). These results indicate that CdCl 2 may affect DNA repair.
DNA damage and repair in V79 cells exposed to CdCl 2 and H 2 O 2
Discussion
H P RT i s a n o n -e s s e n t i a l e n z y m e w h i c h phophoribosylates free quinine or hypoxanthine. It also accepts the analogue 6-TG converting it into 6TGMP, which is highly toxic. Mutant cells with no or defective enzyme are able to survive in the presence of 6-TG at low levels in resting (Go) lymphocytes, but there is a relatively high, stable level of HPRT enzyme activity in these cells. There are autoradiographic technique 7) , clone technique 8) , fluorescence microscopy technique 17) and flow-cytometric assay 18) and so on, in the MF of hprt locus assay. The nonclone versions of the assay have the advantage of being relatively simple, rapid and inexpensive, as well possessing the potential for automation of scoring. However, a disadvantage of this approach is that it is unable to verify mutant phenotype, genotype, or clone relationships. Mouse models for somatic mutations in endogenous mouse genes have been established using the hprt gene 9) and the H-2 gene 19) as targets. These assays enable researchers to analyze the molecular changes in mutant DNA induced by various environmental mutagens. In the last decade, the hprt gene has been widely used in mutation assays using irradiated animal and human cells both in vitro and in vivo assays 20, 21) . The molecular analysis of the hprt mutant cells induced by CdCl 2 , however, has not been done by the TG r assay. The CdCl 2 -induced mutations and DNA damage were investigated in this study to elucidate the role of CdCl 2 in the initiation of carcinogenesis. The hprt ) and 12 d (1.3138 ± 0.0422 × 10 -3 ) were higher than that at 1 d (1.2289 ± 0.0267 × 10 -3 ) (p<0.05) in vivo (Fig. 1) . The doseresponses obtained from the rat in vivo (Fig. 1) showed that the MF of the hprt locus increased with the dose of CdCl 2 . The colony-forming ability of V79 cells exposed to CdCl 2 was markedly decreased, and the hprt gene mutation frequency of the cells was increased (Table 1) . Surprisingly the level of hprt MF observed in cells exposed to 16 µM CdCl 2 for 24 h was significantly lower than that of 0.1 and 8 µM and close to the value obtained after exposure to 0.01 and 2 µM CdCl 2 for 24 h. However, the mutation frequencies induced by 0.1 and 8 µM CdCl 2 were approximately 12.7 and 19.8 times that of the untreated cells. This two peaks trend was not noted in in vivo exposure, which suggests that there is a threshold requirement and an appropriate concentration in CdCl 2 -induced mutagenesis. These results show that CdCl 2 caused the hprt locus mutation in lymphocytes and V79 cells and reflected DNA base damage produced by CdCl 2 . Single mutations, which have not clonally expanded, were nearly undetectable in the current assay. Prevalence of mutant clonal expansion in the subjects is only evident when sufficient numbers of mutants have been isolated and characterized at the hprt locus. The observations indicate that a large component of MF was caused by the clonal expansion of a single CaCl 2 -induced mutational event.
Reactive oxygen species 22) increase the total number of DNA lesions and the inhibition of DNA repair may play a role in the process of hprt gene mutation. , all of these ions enhanced homologous recombination, the order of potency being Cr>Cd>As>Co>Ni. Individual clones exhibiting metal-induced recombination were isolated, and the sequence of their hprt gene was determined. The results confirmed that all recombinogenic events in these cell lines were of the homologous type, involving predominantly a chromatid exchange mechanism, which is relative to their genotoxicity, as well as to DNA repair and replication. However, we could not determine CdCl 2 -induced hprt mutation spectra because the isolation and analysis of numerous 6-thioguanineresistant clones for identifying characteristic point mutations or deletions was not carried out.
Both direct and indirect effects of cadmium have been described 23) . Among them, two modes of action accounting for the genotoxicity potential of cadmium seem to be predominant: the induction of DNA damage and the interaction with DNA repair processes 24) . In the present study, CdCl 2 -exposed V79 cells clearly showed DNA damage including DNA strand breaks and DNA repair delay. The tail length, tail DNA and percentage of comet cells showed statistically significant differences, and DNA repair of V79 cells was affected by CdCl 2 exposure. The results indicate that the higher the concentration of CdCl 2 was, the greater the genotoxic effect on cells. Surprisingly the level and percentage of comet cells with TD observed in cells exposed to 200 µM CdCl 2 for 2 h were close to the value obtained by exposure to 100 µM CdCl 2 . The reason for this might be that higher concentrations of CdCl 2 caused a high degree of DNA fragmentation which possibly lead to a loss of these fragments during electrophoresis 25, 26) . The present study showed that 0.1 µM CdCl 2 caused mutation in the hprt gene of V79 cells (Table 1 ). The reason for this was that CdCl 2 lead to inhibition of the DNA repair process ( Table 4 ). The present study also indicated that DNA damage was induced by oxidative stress which was enhanced by CdCl 2 . In the natural state, ROS are detoxified by antioxidant enzymes (superoxide dismutase, catalase, glutathione peroxidase, glutathione reductase) and scavenger molecules (e.g. glutathione, vitamin E). However, when the antioxidant capacity of the cell is overcome, DNA strand breaks are produced, and DNA bases may be modified. This study showed that when V79 cells were exposed to oxidative stress the response of the cells was a rapid dose-dependant increase in the level of DNA strand breakage, followed by a degree of recovery. This improvement in cellular integrity resulted from two major processes: DNA repair and apoptosis. The repair of the DNA damage was indicated by an accumulation in DNA strand breaks during the early period post-exposure, which probably resulted from the excision of the damage by the repair system 27) , the inhibition of cellular recovery induced by the presence of DNA repair inhibitors. The repair of DNA strand breaks in moderately damaged cells and the elimination of critically injured cells, or those with low capacity for DNA repair, probably act to protect the organism from further toxic effects of oxidative stress in the natural environment 28) . Cadmium exposure thus not only increased the level of DNA strand breakage induced by oxidative stress, but also impaired the ability of the DNA repair.
In conclusion, our data indicate that CdCl 2 genotoxicity can be detected by the comet and TG r assays at the molecular level. These endpoints are very useful for studying heavy metal-induced genotoxicity. The lower concentrations of CdCl 2 (0.1 µM) can cause hprt locus mutation ( Fig. 1 and Table 1 , clone assay) and 1 µM CdCl 2 can cause DNA lesion ( Table 2 , comet assay). The results of the comet assay show that there were statistically significant differences in TL, TD and percentage of comet cells with tail between the control and all CdCl 2 -exposed groups. It can be concluded that the applied CdCl 2 doses caused detectable genotoxic damage. Thus, the carcinogenicity of cadmium, in part, can be explained by its mutagenic activity, which is mediated by DNA damage. The genotoxic mechanism of cadmium may be related to inhibition of DNA repair (Tables 3 and 4) , which needs to be investigated in future.
